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Clinical PerspectiveWhat Is New?DBZ (Danshensu Bingpian Zhi), a synthetic derivative of a natural compound found in traditional Chinese medicine, potentially has antiatherosclerotic effects in apolipoprotein E--deficient mice that involve the inhibition of inflammation, macrophage migration, leukocyte adhesion, and foam cell formation.What Are the Clinical Implications?DBZ may be used as a promising therapeutic agent for the prevention and treatment of atherosclerosis.

Introduction {#jah32482-sec-0008}
============

Atherosclerosis is a progressive disease in which lipid metabolism disorder and chronic inflammation coexist.[1](#jah32482-bib-0001){ref-type="ref"}, [2](#jah32482-bib-0002){ref-type="ref"} It is also the leading cause of mortality and a key risk factor for cardiovascular disease.[3](#jah32482-bib-0003){ref-type="ref"}, [4](#jah32482-bib-0004){ref-type="ref"} However, the current treatment approach using lipid‐lowering statins prevents only 50% to 60% of all cardiovascular events.[5](#jah32482-bib-0005){ref-type="ref"}, [6](#jah32482-bib-0006){ref-type="ref"} Monocytes and macrophages are the predominant cellular components of atherosclerotic lesions.[2](#jah32482-bib-0002){ref-type="ref"}, [3](#jah32482-bib-0003){ref-type="ref"}, [7](#jah32482-bib-0007){ref-type="ref"} Inflammation induces the recruitment of monocytes to the subendothelium, and they subsequently transmigrate through the vascular endothelial layer, internalize modified lipoproteins, and then invade the vessel wall to form cholesterol‐rich foam cells; these processes are crucial for the initiation and progression of atherosclerosis.[7](#jah32482-bib-0007){ref-type="ref"}, [8](#jah32482-bib-0008){ref-type="ref"} NF‐κB (nuclear factor κB) has also been regarded as a proatherogenic factor. Active NF‐κB can induce many inflammatory markers, such as adhesion molecules and chemokines, including endothelial selectin, VCAM‐1 (vascular cell adhesion molecule 1), ICAM‐1 (intracellular adhesion molecule 1), and MCP‐1 (monocyte chemoattractant protein 1).[9](#jah32482-bib-0009){ref-type="ref"}, [10](#jah32482-bib-0010){ref-type="ref"} Consequently, NF‐κB--mediated vascular inflammation plays a critical role in the initiation and progression of atherosclerosis. Consistent with this notion, inhibition of the NF‐κB signaling pathway in the mouse model significantly reduces the risk of atherosclerosis.[11](#jah32482-bib-0011){ref-type="ref"}, [12](#jah32482-bib-0012){ref-type="ref"} In addition, multiple studies have demonstrated that inhibition of macrophage foam cell formation by stimulating cholesterol efflux can efficiently protect against atherosclerotic lesion development.[13](#jah32482-bib-0013){ref-type="ref"}, [14](#jah32482-bib-0014){ref-type="ref"}

DBZ is a novel synthetic compound derived from traditional Chinese medicine,[15](#jah32482-bib-0015){ref-type="ref"}, [16](#jah32482-bib-0016){ref-type="ref"} and the traditional Chinese medicine formula Fufang Danshen is clinically effective for cardiovascular disease.[17](#jah32482-bib-0017){ref-type="ref"} We previously showed that DBZ can block lipopolysaccharide‐induced NF‐κB activation and macrophage lipid accumulation. This finding suggested that DBZ modulates key early atherogenic events in vitro[15](#jah32482-bib-0015){ref-type="ref"}; however, whether DBZ has an antiatherosclerotic effect remains unclear.

In this study, we demonstrated that early DBZ intervention potently reduced atherosclerotic lesion formation by inhibiting inflammatory marker expression and decreasing macrophage infiltration into the vessel walls of mice with apolipoprotein E (apoE) deficiency induced by a Western diet. DBZ treatment also suppressed lipopolysaccharide‐stimulated migration of RAW 264.7 cells and foam cell formation induced by oxidized low‐density lipoprotein (ox‐LDL) in THP‐1 macrophages. Most important, ultrasound and pathological analyses of the aortic tissues showed an obvious protective effect against atherosclerosis development in the advanced DBZ‐treated apoE‐deficient (apoE^−/−^) mice. Atherosclerotic lesions in DBZ‐treated animals also exhibited increased collagen content and increased of numbers of smooth muscle cells, which are features of plaque stability. Taken together, our results provide evidence that DBZ may contribute to the prevention and treatment of atherosclerosis in apoE^−/−^ mice. This warrants additional research to elucidate the anti‐atherosclerotic role of DBZ, and it is of vital importance for the development of synthetic drugs for atherosclerosis.

Methods and Materials {#jah32482-sec-0009}
=====================

Reagents {#jah32482-sec-0010}
--------

DBZ (purity: 99.6%) was synthesized by Dr Xiaohui Zheng at Northwest University (Xi\'an, China). NBD cholesterol (Cayman), apoA1, high‐density lipoprotein (HDL) (ProSpec), atorvastatin (Pfizer Ltd.), lipopolysaccharide, PMA (phorbol 12‐myristate 13‐acetate), T0901317 (hereafter referred to as T1317), and GGPP (geranylgeranyl pyrophosphate) were purchased from Sigma‐Aldrich.

Animals and Experimental Design {#jah32482-sec-0011}
-------------------------------

Male 5‐week‐old apoE^−/−^ mice and additional age‐matched C57BL/6J mice were obtained from the Department of Laboratory Animal Science at Peking University. All mice (4 to 5 mice per cage) were kept in a temperature‐controlled room on a 12‐hour light/dark cycle with food and water available ad libitum. All mice were fed a high‐cholesterol atherogenic Western diet (21% fat and 1.25% cholesterol). In the prevention experiment, a Western diet and various interventions were started simultaneously in 5‐week‐old mice. In the treatment paradigm, the reagents were administered after 10 weeks of a Western diet (at 15 weeks of age) after significant atherosclerosis had developed. Before each study, the apoE^−/−^ mice were randomly divided into 4 experimental groups (9--12 per group) based on body weight and were administered DBZ (20 or 40 mg/kg per day), Atorvastatin (10 mg/kg per day) or vehicle (equal volume of 50% polyethylene glycol) daily by oral gavage. We used ultrasound analysis to observe aortic lesion progression in mice aged 15 and 25 weeks in vivo. Mice were euthanized by CO~2~, and tissue and blood were then harvested. The mice were perfused with normal saline through the heart before the tissues were harvested. Finally, the heart with the entire aorta and other tissues were isolated and stored at −80°C for subsequent histological evaluation or gene expression analysis. The animal experiments were performed in strict accordance with the recommendations in the Guide for Institutional Animal Care and Use Committee at the Beijing Normal University, and all experiments conformed to the relevant regulatory standards, which conform to the US National Institutes of Health (NIH) guidelines. The experiments and protocol were approved by the institutional animal care and use committee at Beijing Normal University (approval no. CLS‐EAW‐2013‐011).

In Vivo Ultrasound Analysis {#jah32482-sec-0012}
---------------------------

The ultrasound imaging parameters of the ascending aortas were examined with a Vevo 770 Microultrasound system (Visualsonics) equipped with a 30‐MHz transducer. A right parasternal long‐axis view was used to visualize the ascending aorta, aortic arch, and innominate artery in 1 plane.[18](#jah32482-bib-0018){ref-type="ref"} Aortic valve peak velocity was measured using Doppler ultrasonography. During the experiments, mice were anesthetized with inhaled 1.5% isoflurane, resulting in a heart rate of ≈300 to 400 beats/min.

Serum Biochemical Analysis {#jah32482-sec-0013}
--------------------------

Mice were fasted overnight, and retro‐orbital sinus blood was collected, allowed to coagulate, and centrifuged at 1000*g* to isolate the serum. The serum was immediately frozen and stored at −80°C. The serum lipid profile, including total cholesterol, triglycerides, LDL cholesterol, and HDL cholesterol, was measured at the Beijing Hospital Clinical Biochemistry Department with an AU 400 fully automated chemistry analyzer (Olympus) using the enzymatic‐colorimetric method. Serum TNF‐α (tumor necrosis factor α), IL‐6 (interleukin 6), and MCP‐1 were evaluated by ELISA, following the manufacturer\'s instructions.

Histological Evaluation of Atherosclerotic Lesions {#jah32482-sec-0014}
--------------------------------------------------

This experiment was performed according to methods reported previously.[19](#jah32482-bib-0019){ref-type="ref"}, [20](#jah32482-bib-0020){ref-type="ref"} En face pinned aortas were stained with Oil Red O. Images of the aortas were captured with a Nikon digital camera. The proximal aortas attached to the heart were embedded in OCT compound and frozen at −80°C. The aortic root was serially sectioned into 8‐μm sections from the site where the aortic valve appears. A set of 6 consecutive sections were stained with Oil Red O and Masson\'s Trichrome for morphological analysis of the atherosclerotic plaque. For immunofluorescence, macrophages or the expression of VCAM‐1 in the aortic root were detected by staining sequential sections with rat anti--Monocyte macrophage (MOMA‐2) monoclonal antibody or rabbit polyclonal anti‐VCAM, followed by the corresponding secondary antibodies conjugated with Alexa Fluor 488 or 568 for fluorescence detection. Smooth muscle actin cells were detected with α‐Smooth Muscle--Cy3 (1:400; Sigma‐Aldrich). Images were captured using an Axio Imager M1 (Zeiss). Quantitative analysis of the sections was performed by a technician who was blinded to the treatment group of the mice using Image‐Pro Plus 6.0 software (Media Cybernetics).

Cell Culture {#jah32482-sec-0015}
------------

Human embryonic kidney 293 cells were obtained from the American Type Culture Collection and maintained in DMEM containing 10% FBS and 1% penicillin--streptomycin. The THP‐1 and RAW 264.7 cells were maintained in RPMI medium containing 10% heat‐inactivated FBS, antibiotics, and 0.05 mmol/L 2‐mercaptoethanol. Cells were cultured at 5% CO~2~ and 37°C. To fully differentiate THP‐1 monocytes to macrophages, cells were incubated in growth medium supplemented with 200 nmol/L PMA for 48 hours. The primary peritoneal macrophages were isolated from 25‐week‐old apoE^−/−^ mice fed a Western diet for 20 weeks in each group. Briefly, the mice were euthanized, 5 mL of ice cold 1640 medium (with 3% FBS) was injected into the peritoneal cavity, the peritoneum was gently massaged for 3 minutes, the 1640 medium was collected and centrifuged at 200 g for 5 minutes, the cells were resuspended and cultured at 5% CO~2~ and 37°C for 2 hours, nonadherent cells were removed, and then cells were cultured for 3 days with 10% FBS/DMEM.

Transwell Migration Assay {#jah32482-sec-0016}
-------------------------

The cell migration assay was performed in 24‐well polycarbonate membrane inserts (8.0‐μm pore size). A total of 1×10^5^ RAW 264.7 cells were pretreated with various concentrations of DBZ for 24 hours and then plated onto the upper inserts; the cells were then stimulated with or without lipopolysaccharide (1 μg/mL) for 6 hours. Nonmigrated cells were wiped off with a cotton swab, and migrated cells were fixed with methanol and stained with 0.1% Giemsa. Filters were photographed, and the cells were quantified by counting 5 different microscopic fields using ImageJ (NIH).

Cellular Lipid Analysis {#jah32482-sec-0017}
-----------------------

THP‐1 macrophages and the primary peritoneal macrophages were fixed and stained for lipids using Oil Red O staining. To determine intracellular lipid contents, cells were removed from the culture plates and washed twice with PBS. Then, intracellular lipids were extracted using isopropanol. Total and free cholesterol were determined using an enzymatic assay.

Cholesterol Efflux Assay {#jah32482-sec-0018}
------------------------

Cholesterol efflux was measured using the methods modified from Song et al.[21](#jah32482-bib-0021){ref-type="ref"} In brief, THP‐1 macrophages were equilibrated with NBD cholesterol (5 μmol/L) for 4 hours. The starved cells were cultured in serum‐free medium with various concentrations of DBZ (5, 10, and 20 μmol/L) for another 16 hours. Cholesterol efflux was induced by the addition of 50 μg/mL recombinant human apoA1 or 50 μg/mL human HDL for an additional 4 hours. The fluorescence‐labeled cholesterol released from the cells into the medium was measured using a Tecan F200 96‐well plate reader. Cholesterol efflux was expressed as a percentage of fluorescence in the medium relative to total fluorescence.

Transient Transfection and Luciferase Reporter Assay {#jah32482-sec-0019}
----------------------------------------------------

Dual luciferase assays were performed in 24‐well plates with Lipofectamine 2000 transfection reagent, according to the manufacturer\'s instructions (Invitrogen). The day before the transfection, HEK 293 cells were seeded at a density of 2×10^5^ cells per well such that 70% to 80% confluence was obtained. The cells were transiently transfected with pCMX‐hLXR‐α or pCDG‐mLXR‐β (pCMX‐hLXR‐α or pCDG‐mLXR‐β human LXRα (hLXRα) or mouse LXR‐β(mLXR‐β) protein‐coding region was inserted in pCMX or pCDG1 plasmid) and tk‐(LXRE)×3‐LUC (luciferase reporter vector containing the herpes simplex virus thymidine kinase (HSV‐TK) promoter region and 3 repeats of LXRE (LXR response elements), as well as pRL‐TK (Renilla luciferase reporter vector contains the herpes simplex virus thymidine kinase (HSV‐TK) promoter), which served as an internal control for transfection efficiency. After 24 hours, cells were treated with dimethyl sulfoxide (control), T1317, or the indicated concentration of DBZ. Dual luciferase assays were performed after 24 hours using a Dual‐Luciferase reporter assay kit (Promega).

Molecular Docking {#jah32482-sec-0020}
-----------------

The crystal structure of the human LXR‐α ligand‐binding pocket was prepared (PBD 1UHL). The DBZ structure was built using the Molecule Builder in MOE (Molecular Operating Environment; Chemical Computing Group). The force field, receptor--ligand affinity, and reasonable binding models were analyzed using AutoDock (Scripps Research Institute). Predicted binding conformations were visualized, and ligand--protein interactions were analyzed using PyMOL (Schrödinger), with the binding site defined as a 6‐Å sphere.

Quantitative Real‐Time Polymerase Chain Reaction {#jah32482-sec-0021}
------------------------------------------------

Total RNA was isolated from homogenized tissues or cells using TRIzol reagent (Invitrogen). Total RNA (2 μg) was then reverse‐transcribed to cDNA using M‐MLV transcriptase (Promega), according to the manufacturer\'s instructions. Real‐time polymerase chain reaction was performed on an ABI 7500 System cycler (Applied Biosystems) using SYBRGreen PCR Master Mix (Transgen Biotic), as described previously.[22](#jah32482-bib-0022){ref-type="ref"} Gene expression was normalized against the expression of cyclophilin. Data were analyzed using the 2^−ΔΔCt^ method. The primers used are listed in Table [S1](#jah32482-sup-0001){ref-type="supplementary-material"}.

Western Blotting {#jah32482-sec-0022}
----------------

An equal amount of cell or tissue protein (10 μg) was subjected to SDS‐PAGE, and then Western blotting analysis was performed using the indicated antibodies. Protein detection was performed with rabbit polyclonal antibodies such as anti‐ABCA1 (anti--ATP binding cassette subfamily A member 1), anti‐ABCG1 (anti--ATP binding cassette subfamily G member 1), anti‐MMP9 (anti--matrix metallopeptidase 9), and β‐actin. Immunoreactive proteins were detected with enhanced chemiluminescence detection reagent, as described previously.[23](#jah32482-bib-0023){ref-type="ref"} Quantification of the band intensity was performed using ImageJ. Values were normalized to β‐actin.

Statistical Analysis {#jah32482-sec-0023}
--------------------

Statistical analyses were performed with SPSS version 20.0 (IBM Corp). All results are presented as the mean±SEM. Statistical significance was determined by *t* test or 1‐way ANOVA for data with normal distribution and by Kruskal--Wallis test for nonnormal distribution data or small samples. Statistical significance was set at *P*\<0.05. For the cell experiments, all experiments were performed at least 3 times, and each experiment was performed in triplicate.

Results {#jah32482-sec-0024}
=======

Treatment of apoE^−/−^ Mice With DBZ Prevents the Onset of Atherosclerosis {#jah32482-sec-0025}
--------------------------------------------------------------------------

ApoE^−/−^ mice spontaneously develop hyperlipidemia and have been used extensively to study the development of atherosclerosis.[24](#jah32482-bib-0024){ref-type="ref"} To determine the effect of DBZ on atherosclerosis, 5‐week‐old apoE^−/−^ mice were fed a Western diet and were treated daily with or without DBZ or atorvastatin (Figure [1](#jah32482-fig-0001){ref-type="fig"}A) for 10 weeks by oral gavage. No difference was observed in body weight (Figure [S1](#jah32482-sup-0001){ref-type="supplementary-material"}). En face analysis revealed that DBZ treatment with 40 mg/kg per day significantly reduced the size of Oil Red O--stained atherosclerotic plaques in the aortas by 31.4%, particularly in the aortic arch region, which corresponds to a region that experiences turbulent blood flow. In addition, there was a 38.3% reduction in atherosclerosis, although detectable effects were not observed in the thoracic and abdominal aorta, which correspond to regions of laminar flow (Figure [1](#jah32482-fig-0001){ref-type="fig"}B). Atherosclerotic burden was further evaluated in cross‐sections of the aortic root. As expected, treatment with DBZ (20 and 40 mg/kg per day) significantly decreased the lesion area in the aortic root by ≈31.4% and 29.5%, respectively, whereas the positive control (atorvastatin, 10 mg/kg per day) treatment reduced the lesion area by 32.1% (Figure [1](#jah32482-fig-0001){ref-type="fig"}C). Histological assessment of atherosclerotic lesions at the aortic root showed considerably reduced macrophage content, as detected by MOMA‐2 staining, in DBZ‐treated apoE^−/−^ mice (Figure [1](#jah32482-fig-0001){ref-type="fig"}D), which indicated reduced inflammation. Gene expression analysis also suggested a shift in macrophage phenotype from M1 (proinflammatory) to M2 (anti‐inflammatory) in the aortic arch of DBZ‐treated apoE^−/−^ mice compared with their vehicle‐treated counterparts (Figure [1](#jah32482-fig-0001){ref-type="fig"}E).

![DBZ reduces atherosclerotic plaque formation in apoE^−/−^ mice. Five‐week‐old male apoE^−/−^ mice were fed a Western diet and were administered DBZ (20 mg/kg per day \[DBZ 20\] or 40 mg/kg per day \[DBZ 40\]) or atorvastatin (10 mg/kg per day) daily for 10 weeks by gavage. A, Schematic of the experimental procedures. B, Representative images and quantification of Oil Red O--stained en face aortic preparations (n=5 per group). Aortic root section staining with Oil Red O (C) and MOMA‐2 (D) and quantification (scale=200 μm; n=6--10). E, Gene expression analysis of the indicated macrophage phenotypes, M1 (proinflammatory) and M2 (anti‐inflammatory), in the aortic arch with plaques of mice (n=5 per group). Data are presented as the mean±SEM. \**P*\<0.05; \*\**P*\<0.01. Arg 1 indicates arginase 1; Atorva, atorvastatin; COX‐2, cyclooxygenase 2; DBZ, Danshensu Bingpian Zhi; IL‐6, interleukin 6; MOMA‐2, monocyte macrophages 2; Mrc1, mannose receptor 1; NF‐κB, nuclear factor κB; TNFα, tumor necrosis factor α; TGF‐β, transforming growth factor β.](JAH3-6-e006297-g001){#jah32482-fig-0001}

Treatment of apoE^−/−^ Mice With DBZ Attenuates the Progression of Preestablished Atherosclerotic Plaques {#jah32482-sec-0026}
---------------------------------------------------------------------------------------------------------

Because atherosclerosis is often treated as an advanced disease in the clinic, we sought to determine whether DBZ treatment affects preestablished atherosclerotic plaques. In this experiment, apoE^−/−^ mice were fed a Western diet for 10 weeks to induce atherosclerosis. The mice were then randomly divided into 4 groups and subjected to treatment with vehicle, DBZ 20 mg/kg per day), DBZ 40 mg/kg per day, or atorvastatin (10 mg/kg per day) for the following 10 weeks while the mice remained on the Western diet (Figure [2](#jah32482-fig-0002){ref-type="fig"}A). Aortic valve peak velocity is an important parameter of aortic stenosis, and it correlates with the severity of atherosclerotic plaques.[25](#jah32482-bib-0025){ref-type="ref"}, [26](#jah32482-bib-0026){ref-type="ref"}, [27](#jah32482-bib-0027){ref-type="ref"} We measured aortic valve peak velocity using high‐frequency ultrasound analysis to assess the effects of DBZ treatment (Figure [S2](#jah32482-sup-0001){ref-type="supplementary-material"}). As expected, and as shown in Figure [2](#jah32482-fig-0002){ref-type="fig"}B, the vehicle‐treated apoE^−/−^ mice fed with a Western diet for 20 weeks exhibited significantly higher transaortic flow velocity than the age‐matched and chow‐fed C57BL/6J (wild‐type) mice, indicating the success of the model. The Western diet--induced elevation in transaortic flow velocity was substantially attenuated by DBZ and atorvastatin treatment. Moreover, treatment with DBZ at 40 mg/kg restored the transaortic flow velocity to a level similar to that of the chow‐fed wild‐type mice. Results of the echocardiographic analysis showed that DBZ treatment had little effect on cardiac functions (Table [S2](#jah32482-sup-0001){ref-type="supplementary-material"}).

![Treatment with DBZ inhibits the development of preestablished atherosclerotic plaques in apolipoprotein E--deficient (apoE^−/−^) mice. A, Schematic of the experimental procedure for late DBZ intervention. B, Aortic valve (AV) peak velocity was measured using Doppler ultrasonography in mice. ^\#^ *P*\<0.05 vs WT; \**P*\<0.05 vs vehicle. n=6 per group. C, Representative in situ photographs of the aortic arch and iliac artery regions with white plaques. D, Representative images and quantification of Oil Red O--stained en face aortic preparations (n=5 per group). Representative cross‐sections and quantification of (E) Oil Red O staining (scale bar=200 μm), (F) immunostaining for MOMA‐2 (scale bar=200 μm), (G) α‐SMA staining for smooth muscle actin (scale bar=100 μm), and (H) Masson\'s Trichrome staining (scale bar=100 μm) in the aortic sinus of the mice. All data are presented as the mean±SEM. \**P*\<0.05; \*\**P*\<0.01. α‐SMA indicates α‐smooth muscle actin; Atorva, atorvastatin; DBZ, Danshensu Bingpian Zhi; DBZ 20, DBZ 20 mg/kg per day; DBZ 40, DBZ 40 mg/kg per day; MOMA‐2, metallophilic macrophages 2; WT, wild type.](JAH3-6-e006297-g002){#jah32482-fig-0002}

Treatment with DBZ also inhibited the progression of the atherosclerotic plaques. The aortas from Western diet--treated apoE^−/−^ mice exhibited confluent atherosclerotic plaques that were readily visible on exposure of the aortic arch. Of note, the iliac arteries and aortas of these mice were severely occluded. Treatment with DBZ relieved the extent of aortic stenosis in both regions (Figure [2](#jah32482-fig-0002){ref-type="fig"}C). As shown in Figure [2](#jah32482-fig-0002){ref-type="fig"}D, en face preparations revealed that DBZ at 40 mg/kg ameliorated further plaque development by ≈38.9%, whereas treatment with atorvastatin only ameliorated plaque development by 35.8%. Similar inhibitory effects of DBZ on the progression of atherosclerotic plaques were also observed at the aortic arch, thoracic aorta, and abdominal aorta. Histological evaluation of the aortic root sections showed that the plaques in the DBZ‐treated apoE^−/−^ mice contained fewer lipids, as assessed by Oil Red O staining (Figure [2](#jah32482-fig-0002){ref-type="fig"}E), and less macrophage infiltration, as assessed by MOMA‐2 staining (Figure [2](#jah32482-fig-0002){ref-type="fig"}F). Although plaque size can indicate the extent of atherosclerotic development, it is believed that plaque stability is a more accurate predictor of clinical outcomes.[28](#jah32482-bib-0028){ref-type="ref"}, [29](#jah32482-bib-0029){ref-type="ref"} To investigate whether DBZ affects plaque stability, we measured several key parameters that are associated with plaque stability. The number of smooth muscle cells increased in the plaques of DBZ‐treated apoE^−/−^ mice (Figure [2](#jah32482-fig-0002){ref-type="fig"}G), and Masson\'s Trichrome staining revealed that those atherosclerotic plaque lesions contained more collagen (Figure [2](#jah32482-fig-0002){ref-type="fig"}H). The reduction in lipid deposition and macrophage infiltration with an increase in smooth muscle cell and collagen content in plaque are features of a more stable plaque phenotype.[28](#jah32482-bib-0028){ref-type="ref"} These results indicate that DBZ treatment promotes lesion stability in addition to reducing atherogenesis.

The Antiatherosclerotic Activity of DBZ Is Associated With the Inhibition of Inflammation, Macrophage Migration, and Leukocyte Adhesion {#jah32482-sec-0027}
---------------------------------------------------------------------------------------------------------------------------------------

Inflammatory processes within the vessel wall mediate the initiation and progression of atherosclerosis. To determine whether the antiatherosclerotic activity of DBZ could be attributed to the anti‐inflammatory actions of DBZ, apoE^−/−^ mice were challenged with the Western diet for 10 weeks; then, serum cytokine concentrations were determined as an index of systemic inflammation. As shown in Figure [3](#jah32482-fig-0003){ref-type="fig"}A, treatment with DBZ significantly suppressed serum levels of TNF‐α, IL‐6, and MCP‐1. The anti‐inflammatory activity of DBZ was also demonstrated in vitro. As shown in Figure [3](#jah32482-fig-0003){ref-type="fig"}B, treatment of the RAW 264.7 macrophages with DBZ inhibited the lipopolysaccharide‐induced upregulation of TNF‐α, IL‐6, and MCP‐1 in a dose‐dependent manner. Monocyte recruitment and subsequent transendothelial migration are critical steps in early atherosclerosis.[4](#jah32482-bib-0004){ref-type="ref"}, [10](#jah32482-bib-0010){ref-type="ref"} We also examined the effects of DBZ on lipopolysaccharide‐induced macrophage migration. As expected, exposing RAW 264.7 macrophages to lipopolysaccharide markedly increased cell migration (Figure [3](#jah32482-fig-0003){ref-type="fig"}C). Treatment with DBZ dose‐dependently inhibited lipopolysaccharide‐stimulated cell migration. Consistent with the inhibition of cell migration, western blot analysis showed that lipopolysaccharide stimulation induced the expression of MMP9, an important matrix metalloproteinase for migration,[30](#jah32482-bib-0030){ref-type="ref"} which was inhibited by DBZ in a dose‐dependent manner in RAW 264.7 macrophages (Figure [3](#jah32482-fig-0003){ref-type="fig"}D). Taken together, these results suggest that DBZ suppresses lipopolysaccharide‐induced macrophage cell mobility and may contribute to the antiatherosclerotic effect of DBZ.

![DBZ treatment inhibits systemic inflammation and LPS‐induced cell migration in RAW 264.7 macrophages. A, Quantification of the chemokines TNFα, IL‐6, and MCP‐1 in mouse serum by ELISA, as indicated in Figure [1](#jah32482-fig-0001){ref-type="fig"} (n=6--10). RAW 264.7 cells pretreated with various concentrations of DBZ for 24 h were seeded onto Transwell chambers and stimulated with or without LPS (1 μg/mL) for 6 h in 3 independent experiments. B, Culture medium concentrations of TNFα, IL‐6, and MCP‐1 were assayed by ELISA. C, Representative images and quantification of migrated cells. D, Western blot analysis of MMP9 protein expression in RAW 264.7 macrophages. E, Relative VCAM and ICAM mRNA expression in the aortic arch was measured by quantitative reverse transcriptase polymerase chain reaction and normalized to cyclophilin, as indicated in Figure [1](#jah32482-fig-0001){ref-type="fig"} (n=5 per group). F, VCAM‐1 protein expression in the aorta was assessed by Western blot analysis and normalized to GAPDH (n=3 per group). G, Representative images and quantification of VCAM‐1 staining in the intima layer at the aortic root (scale=100 μm; n=5 per group). Data are presented as the mean±SEM. ^\#\#\#^ *P*\<0.001 vs control group, \**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001 vs LPS group or vehicle. Atorva indicates atorvastatin; Con, control; DBZ, Danshensu Bingpian Zhi; DBZ 5, DBZ 5 μmol/L; DBZ 10, DBZ 10 μmol/L; DBZ 20, DBZ 20(B,C,D) 20 μmol/L, DBZ 20(A,E,F,G) 20 mg/kg/day; DBZ 40, DBZ 40 mg/kg/day; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; ICAM‐1, intercellular adhesion molecule 1; IL‐6: interleukin 6; LPS, lipopolysaccharide; MCP‐1, monocyte chemoattractant protein 1; MMP9, matrix metallopeptidase 9; TNFα, tumor necrosis factor α; VCAM‐1, vascular cell adhesion molecule 1.](JAH3-6-e006297-g003){#jah32482-fig-0003}

To further clarify the molecular mechanism of DBZ‐induced antiatherogenic effects, the expression of adhesion molecules was analyzed in the aorta of DBZ‐treated apoE^−/−^ mice. The mRNA expression of ICAM‐1 and VCAM‐1, 2 prominent mediators responsible for leukocyte adhesion and recruitment to the vascular wall,[31](#jah32482-bib-0031){ref-type="ref"}, [32](#jah32482-bib-0032){ref-type="ref"}, [33](#jah32482-bib-0033){ref-type="ref"} was significantly decreased in the aortic arch of DBZ‐treated apoE^−/−^ mice compared with their vehicle‐treated counterparts (Figure [3](#jah32482-fig-0003){ref-type="fig"}E). At the protein level, treatment with DBZ at 40 mg/kg reduced VCAM‐1 expression by 60%, whereas atorvastatin treatment reduced VCAM‐1 expression by 36% (Figure [3](#jah32482-fig-0003){ref-type="fig"}F). Immunostaining of the aortic root sections with the VCAM‐1 antibody confirmed the reduced expression of VCAM‐1 in the atherosclerotic plaques of DBZ‐treated apoE^−/−^ mice (Figure [3](#jah32482-fig-0003){ref-type="fig"}G).

DBZ Attenuates ox‐LDL--Induced Foam Cell Formation and Promotes Cholesterol Efflux in Macrophages, Likely Through the Activation of LXR {#jah32482-sec-0028}
---------------------------------------------------------------------------------------------------------------------------------------

The transformation of invading macrophages into foam cells by ox‐LDL uptake is another key event of atherogenesis.[34](#jah32482-bib-0034){ref-type="ref"}, [35](#jah32482-bib-0035){ref-type="ref"} To determine the effects of DBZ on ox‐LDL--induced foam cell formation, THP‐1 monocyte‐derived macrophages were incubated with ox‐LDL (50 μg/mL) for 24 hours. The addition of ox‐LDL to the culture medium induced foam cell formation, as indicated by the cytoplasmic accumulation of lipids. Treatment with DBZ significantly decreased ox‐LDL--induced intracellular lipid accumulation, as revealed by Oil Red O staining (Figure [4](#jah32482-fig-0004){ref-type="fig"}A). Cellular lipid content analysis also revealed that 20 μmol/L DBZ decreased cholesteryl ester content by 44% (Figure [4](#jah32482-fig-0004){ref-type="fig"}B). These results suggest that DBZ prevents ox‐LDL--induced foam cell formation in THP‐1 macrophages. To further investigate the ability of DBZ inhibiting cholesterol ester accumulation in macrophages, we isolated the primary peritoneal macrophages from 25‐week‐old apoE^−/−^ mice fed a Western diet for 20 weeks in each group. Oil Red O staining and cellular lipid analysis showed that DBZ treatment significantly attenuated intracellular cholesterol ester accumulation in peritoneal macrophages (Figure [S3A and S3B](#jah32482-sup-0001){ref-type="supplementary-material"}).

![DBZ attenuates ox‐LDL--induced foam cell formation and promotes cholesterol efflux in macrophages. A, THP‐1 macrophages were cotreated with the indicated concentrations of DBZ (5, 10, and 20 μmol/L) and OxLDL (50 μg/mL) for 48 h. Lipid accumulation was observed by Oil Red O staining (scale=20 μm). B, Intracellular cholesteryl ester levels were normalized to cellular protein content in THP‐1 macrophages. Macrophages were treated with DBZ and NBD cholesterol. Cholesterol efflux to apoA‐1 (C) and HDL (D) from THP‐1 macrophages. Cholesterol efflux was expressed as the percentage fluorescence in the medium relative to total fluorescence. E, THP‐1 macrophages were treated with the indicated concentrations of DBZ for 24 h. The relative protein levels of ABCA1 and ABCG1 were determined by Western blot analysis. T1317 (1 μmol/L) was used as a positive control. F, The transcriptional activity of LXRα was assessed by the transactivation reporter assay in 293T cells. G and H, The model structure of the complex formed by the LXRα ligand‐binding pocket and DBZ by molecular docking. I, THP‐1 macrophages were pretreated with GGPP (10 μmol/L) for 2 h and then treated with DBZ (20 μmol/L) for 24 h. The relative protein level of ABCA1 was determined by Western blot analysis. Prior to treatment with DBZ (20 μmol/L), THP‐1 macrophages were treated with GGPP for 2 h and then incubated with 50 μg/mL OxLDL for 48 h. J, Representative Oil Red O staining of THP‐1 macrophage foam cells (scale=20 μm). K, Intracellular cholesteryl ester levels that were normalized to cellular protein content in THP‐1 macrophages. Values are presented as the mean±SEM of at least 3 experiments (^\#\#\#^ *P*\<0.001, \**P*\<0.05, and \*\**P*\<0.01). ABCA1 indicates ATP binding cassette subfamily A member 1; ABCG1, ATP binding cassette subfamily G member 1; apoA‐1, apolipoprotein A1; Ctrl, control; DBZ, Danshensu Bingpian Zhi; DBZ 5, DBZ 5 μmol/L; DBZ 10, DBZ 10 μmol/L; DBZ 20, DBZ 20 μmol/L; GGPP, geranylgeranyl pyrophosphate; HDL, high‐density lipoprotein; LXRα, liver X receptor α; OxLDL, oxidized low‐density lipoprotein.](JAH3-6-e006297-g004){#jah32482-fig-0004}

Cholesterol efflux plays a pivotal role in maintaining intracellular cholesterol levels and preventing foam cell formation[35](#jah32482-bib-0035){ref-type="ref"}, [36](#jah32482-bib-0036){ref-type="ref"}; therefore, we evaluated the effect of DBZ on cholesterol efflux from macrophages using an NBD cholesterol efflux assay. As shown in Figure [4](#jah32482-fig-0004){ref-type="fig"}C, DBZ dose‐dependently promoted apoA1‐mediated cholesterol efflux from THP‐1 macrophages. Treatment with 20 μmol/L DBZ increased NBD cholesterol efflux to apoA1 by 35.6% (*P*\<0.05), whereas DBZ had little effect on HDL‐induced NBD cholesterol efflux (Figure [4](#jah32482-fig-0004){ref-type="fig"}D).

Consistent with the increased cholesterol efflux, the expression of ABCA1 and ABCG1, 2 pivotal factors in cholesterol efflux,[37](#jah32482-bib-0037){ref-type="ref"}, [38](#jah32482-bib-0038){ref-type="ref"}, [39](#jah32482-bib-0039){ref-type="ref"} was upregulated by ≈2‐fold in DBZ‐treated THP‐1 macrophages (Figure [4](#jah32482-fig-0004){ref-type="fig"}E). Both cholesterol efflux and the expression of ABCA1 are known to be positively regulated by the nuclear receptor LXR‐α.[40](#jah32482-bib-0040){ref-type="ref"} We thus speculated that the effects of DBZ on cholesterol efflux and the expression of ABCA1 may have been mediated by the activation of LXR. Indeed, DBZ treatment of cells cotransfected with the LXR‐α or LXR‐β expression vector and the LXR‐responsive luciferase reporter genes induced luciferase reporter activity, and DBZ showed weaker activation in LXR‐β than LXR‐α (Figure [4](#jah32482-fig-0004){ref-type="fig"}F and Figure [S4](#jah32482-sup-0001){ref-type="supplementary-material"}). To determine the interaction of DBZ with LXR‐α, the model structure of the human LXRα ligand‐binding domain and DBZ complex was determined by molecular docking (Figure [4](#jah32482-fig-0004){ref-type="fig"}G). In addition, the hydrogen bonds at Glu267 and Ser264, as well as hydrophobic interactions at Ile339, Phe326, and Phe335 (potential), maintain binding stability (Figure [4](#jah32482-fig-0004){ref-type="fig"}H). To further determine whether the induction of ABCA1 by DBZ in THP‐1 was an LXR‐α--dependent pathway, THP‐1 macrophages were pretreated with GGPP (10 μmol/L), a pharmacological inhibitor of LXR‐α, which was followed by treatment with DBZ (20 μmol/L). Compared with the THP‐1 macrophages treated with DBZ alone, cotreatment with GGPP decreased ABCA1 protein expression by 80% (Figure [4](#jah32482-fig-0004){ref-type="fig"}I). Moreover, cotreatment with GGPP also abrogated the inhibitory effect of DBZ on cholesterol ester accumulation in THP‐1 macrophages (Figure [4](#jah32482-fig-0004){ref-type="fig"}J and [4](#jah32482-fig-0004){ref-type="fig"}K). Collectively, DBZ, as a putative LXR agonist, attenuates ox‐LDL--induced foam cell formation and promotes cholesterol efflux in macrophages.

DBZ Has Little Effect on Aortic, Hepatic, and Intestinal Reverse Cholesterol Transport {#jah32482-sec-0029}
--------------------------------------------------------------------------------------

Our lipid profile analysis revealed that treatment with 40 mg/kg DBZ modestly but significantly increased the serum levels of HDL cholesterol but had little effect on the serum levels of triglycerides, total cholesterol, and LDL cholesterol ([Table](#jah32482-tbl-0001){ref-type="table"}). Treatment with atorvastatin significantly decreased the serum levels of total and LDL cholesterol ([Table](#jah32482-tbl-0001){ref-type="table"}).

###### 

Effects of DBZ on Serum Lipid Profiles in Preestablished Atherosclerotic Plaques of Apolipoprotein E--Deficient Mice

                 Vehicle         Atorvastatin                                             DBZ 20          DBZ 40
  -------------- --------------- -------------------------------------------------------- --------------- ----------------------------------------------------
  TG, mg/dL      123.89±19.46    104.61±10.62                                             117.70±34.51    100.00±4.43
  TC, mg/dL      1154.51±76.27   659.90±43.85[\*\*](#jah32482-note-0003){ref-type="fn"}   1162.20±45.17   1028.09±25.82
  LDL‐C, mg/dL   546.65±32.70    230.22±26.30[\*\*](#jah32482-note-0003){ref-type="fn"}   527.79±49.33    514.55±10.85
  HDL‐C, mg/dL   48.16±5.79      43.96±3.95                                               58.95±8.23      60.14±2.19[\*](#jah32482-note-0003){ref-type="fn"}

All values are expressed as the mean±SEM (n=9 per group). One‐way analysis followed by the Dunnett post hoc test. \**P*\<0.05; \*\**P*\<0.01 vs vehicle group. DBZ indicates Danshensu Bingpian Zhi; DBZ 20, DBZ 20 mg/kg per day; DBZ 40, DBZ 40 mg/kg per day; HDL‐C, high‐density lipoprotein cholesterol; LDL‐C, low‐density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides.

To determine whether DBZ‐induced cholesterol efflux was coupled with increased reverse cholesterol transport in vivo, we measured the expression changes of genes involved in cholesterol metabolism and transport in the aorta, liver, and small intestine. The most significant change in DBZ‐treated apoE^−/−^ mice was an upregulation of the efflux transporters ABCA1 and ABCG1 (≈4‐fold) in the aorta (Figure [5](#jah32482-fig-0005){ref-type="fig"}A), as well as ABCG5 (≈8‐fold) and ABCG8 (≈3‐fold) in the small intestine (Figure [5](#jah32482-fig-0005){ref-type="fig"}B). In contrast, the mRNA expression of the major cholesterol uptake transporters CD36 and SR‐A (scavenger receptor class A) in the aorta, mRNA expression of CD36 and LDLR (LDL receptor) in the liver, and mRNA expression of NPC1L1 (Niemann‐Pick C1‐like 1) and LDLR in the intestine was unchanged (Figure [5](#jah32482-fig-0005){ref-type="fig"}A and Figure [S5](#jah32482-sup-0001){ref-type="supplementary-material"}). The mRNA expression levels of the genes involved in cholesterol biosynthesis, HMG‐CoAR (3‐hydroxy‐3‐methylglutaryl‐coenzyme reductase), and HMG‐CoAS (3‐hydroxy‐3‐methylglutaryl‐coenzyme synthase) were also not affected by DBZ treatment (Figure [5](#jah32482-fig-0005){ref-type="fig"}C). The serum lipid and gene expression profiles suggested that the DBZ‐induced cholesterol efflux was not coupled with increased reverse cholesterol transport.

![DBZ treatment affects cholesterol efflux gene expression in preestablished atherosclerotic plaque apolipoprotein E--deficient mice. A, Aortic, (B and C) hepatic, and intestinal mRNA levels of genes involved in the metabolism and transport of cholesterol as determined by real‐time polymerase chain reaction and normalized to cyclophilin in the mice, as in Figure [2](#jah32482-fig-0002){ref-type="fig"} (n=6 per group). Data are expressed as the fold change plus or minus SEM (\**P*\<0.05; \*\**P*\<0.01). ABCA indicates ATP binding cassette subfamily A; ABCG, ATP‐binding cassette subfamily G; Atorva, atorvastatin; CD36, cluster of differentiation 36; DBZ, Danshensu Bingpian Zhi; DBZ 20, DBZ 20 mg/kg per day; DBZ 40, DBZ 40 mg/kg per day; HMGCoAR, 3‐hydroxy‐3‐methyl‐glutaryl‐coenzyme A reductase; HMGCoAS, 3‐hydroxy‐3‐methyl‐glutaryl‐coenzyme A synthase; SR‐A, scavenger receptor class A.](JAH3-6-e006297-g005){#jah32482-fig-0005}

Discussion {#jah32482-sec-0030}
==========

It is widely recognized that both hyperlipidemia and inflammation are well‐known risk factors in the development of atherosclerosis and have been shown to play causal roles in the progression of atherosclerotic plaques.[41](#jah32482-bib-0041){ref-type="ref"}, [42](#jah32482-bib-0042){ref-type="ref"} Previous studies have demonstrated that the novel compound DBZ could suppress lipopolysaccharide‐induced monocyte activation and foam cell formation,[15](#jah32482-bib-0015){ref-type="ref"} which are the key early events in atherosclerosis. Consequently, we assessed the antiatherosclerotic potential of DBZ in apoE^−/−^ mice, as shown in Figure [6](#jah32482-fig-0006){ref-type="fig"}. Our results provided evidence that DBZ significantly reduced atherosclerosis development in vivo, as assessed by the evaluation of en face aortic lesion coverage and aortic root lesions compared with controls (Figure [1](#jah32482-fig-0001){ref-type="fig"}B and [1](#jah32482-fig-0001){ref-type="fig"}C). Furthermore, the antiatherosclerotic actions of DBZ were attributed to impaired recruitment of macrophages into atherosclerotic lesions (Figure [1](#jah32482-fig-0001){ref-type="fig"}D), as well as decreased expression of proinflammatory cytokines and adhesion molecules (Figure [3](#jah32482-fig-0003){ref-type="fig"}). Most important, administration of DBZ in apoE^−/−^ mice not only significantly reduced atherosclerotic plaque progression but also promoted plaque regression. In addition to the morphological assessment, the concordant results obtained by noninvasive ultrasound analysis supported the finding that DBZ treatment alleviated aortic stenosis by preventing the elevation of transaortic flow velocity, as shown in the DBZ late‐intervention study (Figure [2](#jah32482-fig-0002){ref-type="fig"}).

![Schematic presentation of the process of atherosclerosis attenuation by DBZ. DBZ suppresses NF‐κB activation and decreases pro‐inflammatory cytokine release and macrophage migration. Meanwhile, DBZ promotes cholesterol efflux and inhibits foam cell formation by activating the LXRα‐ABCA1 signaling pathway. ABCA1 indicates ATP binding cassette subfamily A member 1; apoA‐1, apolipoprotein A‐1; DBZ, Danshensu Bingpian Zhi; LXRα, liver X receptor α; NF‐κB, nuclear factor κB.](JAH3-6-e006297-g006){#jah32482-fig-0006}

To assess additional potential actions of DBZ that are responsible for effects that are protective against atherosclerosis, serum and plaque inflammatory parameters were studied. Treatment with DBZ significantly reduced adhesion molecule expression and the serum concentrations of proinflammatory cytokines that are closely related to the development and progression of atherosclerosis, such as TNF‐α, IL‐6, and MCP‐1, in apoE^−/−^ mice (Figure [3](#jah32482-fig-0003){ref-type="fig"}A). This result indicated a potent anti‐inflammatory effect, as reported previously.[15](#jah32482-bib-0015){ref-type="ref"} These findings are consistent with previous studies showing that inhibition of the NF‐κB signaling pathway has an atheroprotective effect in apoE^−/−^ mice.[11](#jah32482-bib-0011){ref-type="ref"}, [12](#jah32482-bib-0012){ref-type="ref"} Further experiments to assess the effects of DBZ on NF‐κB activation in different types of vascular cells, such as endothelial cells, will further demonstrate the anti‐inflammatory activity of DBZ. Meanwhile, we found that DBZ also slightly induced PPAR‐γ (peroxisome proliferator‐activated receptor γ)--responsive luciferase reporter activity and prevented diet‐induced obesity, insulin resistance, hepatic steatosis, systemic low‐grade inflammation, and gut dysbiosis in mice (Y. Zhai, et al, unpublished data, 2017).

In addition to inhibiting lipopolysaccharide‐induced RAW 264.7 cell activation and migration (Figure [3](#jah32482-fig-0003){ref-type="fig"}B through [3](#jah32482-fig-0003){ref-type="fig"}D), DBZ also promoted cholesterol efflux from THP‐1 macrophages and inhibited ox‐LDL--induced THP‐1--derived foam cell formation (Figure [4](#jah32482-fig-0004){ref-type="fig"}A through [4](#jah32482-fig-0004){ref-type="fig"}D), which is a hallmark of atherosclerosis progression. As shown in Figure [4](#jah32482-fig-0004){ref-type="fig"}B, DBZ markedly inhibited the accumulation of cholesteryl ester, which is the main characteristic of the foam cells that are derived from macrophages.[35](#jah32482-bib-0035){ref-type="ref"} The removal of excess cholesterol from macrophages by apoA1 and HDL is thought to play an important role in preventing foam cell formation.[39](#jah32482-bib-0039){ref-type="ref"} Our data showed that treatment with DBZ (10 or 20 μmol/L) promoted NBD cholesterol efflux from THP‐1 macrophages to apoA1 (Figure [4](#jah32482-fig-0004){ref-type="fig"}C). It is worth noting that ABCA1 mediates cholesterol efflux from cells to apoA1 and is among the earliest identified target genes for LXR‐α, which plays a pivotal role in maintaining macrophage cholesterol homeostasis and reverse cholesterol transport in vivo.[43](#jah32482-bib-0043){ref-type="ref"}, [44](#jah32482-bib-0044){ref-type="ref"} These results demonstrated that DBZ markedly blocked lipid deposition in THP‐1 macrophages, at least in part, by activating the LXR‐α--ABCA1 signaling pathway.

In line with the in vitro analysis, significant upregulation of aortic and intestinal ABC transporters (ABCA1, ABCG1, and ABCG5/8), which are also known LXR‐α target genes, was observed in DBZ‐treated apoE^−/−^ mice (Figure [5](#jah32482-fig-0005){ref-type="fig"}). Our findings are in agreement with reports that LXR activation stimulates cholesterol efflux and delays the progression of atherosclerosis in hyperlipidemic mice.[44](#jah32482-bib-0044){ref-type="ref"}, [45](#jah32482-bib-0045){ref-type="ref"} Although DBZ induces LXR‐α target gene expression, it is not a direct agonist of LXR‐α. We hypothesize that DBZ triggers the recruitment of the coactivators of LXR‐α, thus activating its target gene expression. Choi et al reported that PPAR‐γ ligands, such as rosiglitazone and MRL24 (selective PPAR? modulators 24), activate PPAR‐γ by blocking Cdk5‐mediated phosphorylation and are completely independent of classical receptor transcriptional agonism.[46](#jah32482-bib-0046){ref-type="ref"} Consequently, the effects and regulatory mechanisms of LXR by DBZ remain to be elucidated.

Atorvastatin, a widely used lipid‐lowering drug to treat dyslipidemia and prevent cardiovascular disease, works by inhibiting HMG‐CoAR, an enzyme found in the liver that plays a key role in the production of cholesterol in vivo.[47](#jah32482-bib-0047){ref-type="ref"}, [48](#jah32482-bib-0048){ref-type="ref"} Our results showed that DBZ 40 mg/kg exhibits a protective effect against atherosclerosis that is similar to that of atorvastatin (Figure [1](#jah32482-fig-0001){ref-type="fig"}). In addition, the atheroprotective role of DBZ was also observed in the DBZ late‐intervention group and was comparable to that of atorvastatin (Figure [2](#jah32482-fig-0002){ref-type="fig"}). As shown in Figure [5](#jah32482-fig-0005){ref-type="fig"}, real‐time polymerase chain reaction results indicate that DBZ‐treated apoE^−/−^ mice display increased cholesterol efflux gene expression in the aorta and small intestine compared with controls, which may also contribute to the antiatherogenic effect of DBZ beyond inhibiting the inflammatory response. Accordingly, it can be inferred that combination therapy with DBZ and atorvastatin may be more effective for prevention and treatment of atherosclerosis.

Compared with plaque size, plaque stability is a more accurate predictor of plaque rupture in clinical events, and the stabilization of plaques is becoming more important for atherosclerosis treatment.[28](#jah32482-bib-0028){ref-type="ref"}, [29](#jah32482-bib-0029){ref-type="ref"} We found that DBZ‐treated apoE^−/−^ mice exhibited the features of more stable atherosclerotic plaques, including less lipid content, less infiltration of macrophages, more α--smooth muscle actin, and more collagen content. Taken together, the present data suggest that DBZ not only reduces atherosclerotic lesion formation but also has an impact on plaque stability.

In conclusion, our results demonstrate that DBZ potently attenuates atherosclerosis development in apoE^−/−^ mice. The potential antiatherosclerotic actions of DBZ that are responsible for the protection against and treatment of atherosclerosis involve inflammation suppression and the promotion of reverse cholesterol transport. These data indicate that DBZ may represent a promising therapeutic drug for the prevention or treatment of atherosclerosis.
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**Table S1.** Sequences of Real‐Time Polymerase Chain Reaction Primers

**Table S2.** The Basic Echocardiography Data After DBZ (Danshensu Bingpian Zhi) Treatment for 10 Weeks in Each Group at 25 Weeks in Apolipoprotein E--Deficient Mice

**Figure S1.** Comparisons of body weight resulting from different treatments in apolipoprotein E--deficient mice fed a Western diet for 10 weeks. The results are presented as the mean±SEM (n=9 per group). Atorva indicates atorvastatin.

**Figure S2.** Representative in vivo ultrasound images show the long‐axis view of the mouse ascending aorta and innominate artery (IA) in various groups. Peak diastolic flow velocity at the aortic valve (AV; indicated by arrows) was measured and quantified after outlining the Doppler signal. Atorva indicates atorvastatin.

**Figure S3.** The primary peritoneal macrophages from 25‐week‐old apolipoprotein E--deficient mice fed a Western diet for 20 weeks in each group. A, Cells were cultured for 72 h in complete medium and subsequently stained with Oil Red O (scale=50 μm). B, Relative intracellular cholesteryl ester levels were normalized to cellular protein content in peritoneal macrophages. Values are presented as the mean±SEM (n=3 per group. \**P*\<0.05. Atorva indicates atorvastatin.

**Figure S4.** The transcriptional activity of LXRβ was assessed by the transactivation reporter assay in 293T cells. GW3965 was induced as a positive control. Values are presented as the mean±SEM of at least 3 experiments (\**P*\<0.05 and \*\**P*\<0.01). LXRβ indicates liver X receptor β.

**Figure S5.** Hepatic and intestinal mRNA levels of genes involved in the transporter of cholesterol as determined by real‐time polymerase chain reaction in the mice and normalized to cyclophilin in the mice, as indicated in Figure [2](#jah32482-fig-0002){ref-type="fig"} (n=6 per group). Atorva indicates atorvastatin; CD36, cluster of differentiation 36; LDLR, low‐density lipoprotein receptor; NCP1L1, Niemann‐Pick C1‐like 1.
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Click here for additional data file.
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